Introduction
Upconversion luminescence, i.e. the emission of one photon upon the excitation of several lower energy photons, is very attractive for applications in a broad range of fields. In recent years, the development of nanotechnology has been boosting the scientific interest, especially the interest of the biomedical field in relevant material systems, typically lanthanide ions doped nanomaterials. These nanomaterials, capable of converting NIR photons to higher energy photons ranging from ultra violet (UV) to NIR, allow the excitation to fall in the so-called ''optical window'' (B650-1300 nm), i.e. the optimal spectral range for minimal absorption by human tissue and negligible autofluorescence of the biological background. They are thus expected to be able to significantly improve the quality of luminescence biomedical imaging, labelling and therapy. They are also regarded as potential candidates for improving solar energy utilization by converting the NIR part of the solar spectrum to visible to match the absorption of commercially available solar cells. In recent years, proof-of-concept reports continue to emerge. Despite this progress, the unsatisfactory upconversion efficiency remains one of the main hurdles on the way to actual application. Although the excitation density of realizing observable upconversion in these materials is much lower than that of coherent sum-frequency generation, the upconversion efficiency is only several percent in a macroscopic crystal under 980 nm excitation, and the highest upconversion efficiency in nano-size materials so far is more than one order of magnitude lower under the same excitation conditions. For example, under 980 nm excitation of 150 W cm À2 the highest upconversion quantum yield is reported around 0.1% for Yb 3+ /Er 3+ co-doped NaYF 4 core-shell nanoparticles of 30 nm in diameter. 1 This situation has triggered the following questions: what are the responsible channels/steps for the loss of the excitation energy in the nanomaterials? And more interestingly, is it possible to gain even higher upconversion efficiency in nanomaterials than in macroscopic crystals? In order to obtain answers to these questions, a comprehensive picture of how the excitation energy migrates in nanostructures is essential.
Fundamentals of upconversion dynamics
Three major upconversion mechanisms have been elucidated from the studies of macroscopic crystals, i.e. excited state absorption (ESA), energy transfer upconversion (ETU), and photon avalanche (PA). Of these categories, ETU is the most popular since it has a high efficiency (about two orders of magnitude higher than ESA), 2 and is less susceptible to external conditions.
When a macroscopic crystal is doped simply with one rare earth element as an activator at low concentration, i.e. without sensitizing ions, interactions between the activators can be neglected. In this case ESA is responsible for the upconversion. When the doping concentration is increased, interactions between the centers become significant and the centers can no longer be simply treated as activators; instead, they are also sensitizers, i.e. they will transfer the excited energy to other activators to assist the upconversion luminescence of the latter via an ETU mechanism. It is also popular to use different dopants as the sensitizer and activator. From a luminescence dynamics point of view, the upconversion process of rare earth ions doped systems can roughly be separated into three stages, including: excitation energy absorption, various energy transfer and upconversion, and radiative release of the excitation energy, i.e. emitting upconversion photons. The popularly used parameter ''luminescence quantum yield'' characterizes only the efficiency of converting absorbed energy to emission in quanta. Excitation (absorption) efficiency, i.e. the efficiency of the first stage of the upconversion dynamic process, is not included. However, a robust upconversion spectrum relies not only on a high upconversion emission quantum yield, but also on a large absorption cross section. This is the starting point for developing approaches to improve upconversion emission.
Characteristics of upconversion luminescence in nanosystems
Compared with macroscopic crystals, materials of nanometer size exhibit three distinct properties which are important for their upconversion emission. The first distinct property would be the non-negligible role of the surface properties, which is due to the relatively large surface-to-volume ratio of nanomaterials. It should be noted that although the surface can form energy traps which usually quench the upconversion luminescence, it can be beneficial as well. For example, enhancement and/or broadening of the absorption can be realized by anchoring organic molecules or other light harvesting entities onto the surface of upconversion nanoparticles. In addition, the highfrequency vibrational modes of surfactants and/or other organic entities on the surface are widely acknowledged to assist the population relaxation between the two electronic states of the activators/sensitizers inside the nanoparticles, 3, 4 although the interaction mechanism remains vague.
The second distinct property is that nanomaterials allow tailor-made internal structures. More and more complex nanostructures are becoming possible due to the development of nanotechnology. This property has raised the aspiration that the excitation energy might be ''fully conserved'' for upconversion emission since, if a tiny defect-free crystalline domain in a nanoparticle can be ''isolated'' from its neighbors (which might contain defects), the absorbed energy in this area can in theory be free from nonradiative loss. The concentration quenching effect, i.e. the observation that the excitation energy migrates more easily from one ion to another under high doping concentrations, increasing the probability for the energy to be trapped by the defects inside and/or at the surface of the nanoparticles, could thus be suppressed. Therefore, a higher upconversion efficiency could be expected in specially designed nanostructures. This property also provides opportunities to revisit conventional upconversion mechanisms. In conventional macroscopic crystals sensitizers and activators could not be separately located in the crystal. Hence the contribution of energy transfer between sensitizers has hardly been studied. In specially designed nanomaterials, however, it is becoming readily detectable. For example, in core-active shell nanoparticles where sensitizers are also doped into the shell, the excitation energy absorbed in the shell can contribute to upconversion emission after a long journey to reach the activators inside the core, although the exact role it plays needs to be further elucidated.
Excitation energy migration in a typical rare earth ions doped core-shell nanoparticle is depicted in Fig. 1 , where the interactions involved include, amongst others, forward-and backward energy transfer between a sensitizer and an activator, energy transfer between sensitizers, cross relaxation between activators, and the interaction between activators/sensitizers and surface related entities, e.g. high-frequency vibrational modes of organic entities and other surface quenching centers. Spectroscopy, in combination with structural modulation and varying the doping elements and concentrations in a nanosystem, is a powerful tool in unravelling these interactions. For example, doping with only sensitizing ions allows us to acquire the energy transfer information between the sensitizers by monitoring the sensitizer luminescence and relevant temporal behavior. Furthermore, if activators are co-doped in, the luminescence decay of the sensitizer will speed up and the energy transfer mechanism between the sensitizer and the activator can thus be elucidated. Cross relaxation can be monitored by, e.g., populating different electronic states. The effect of the surface related entities can be clarified by the dependence of the upconversion spectrum on the interaction distance, e.g. the shell thickness or the length of the organic chain between the luminescence activators/sensitizers and the entities.
The third distinct property of nanomaterials is that they are susceptible to the environment due to their size limit. Compared with macroscopic crystals, the nanomaterials are more susceptible to the environment, which makes external stimuli more effective in modifying upconversion dynamics by, e.g. modifying the transition moments involved in the upconversion. Let's look at a simple interaction picture between light and matter. Considering a two level emission center, the emission and absorption probabilities are proportional to the square of the transition moment between the two levels and the population of the initial level. The transition moment is subject to the local electric field. For rare earth ions doped nanosystems, the transition moments could be varied if the local crystal field of the nanohost is changed due, for example, to an externally applied electric field. This provides another possibility to improve the efficiency of upconversion emission, i.e. by applying an external electric field to enhance the absorption and/or upconversion emission, and/or modulating the transitions in the intermediate energy transfer processes.
In recent years more and more attention has been paid to the upconversion mechanism in nanosystems, aiming at high upconversion efficiency and controlled spectral modulation. Here we shall review these efforts and relevant progress achieved so far, update our comprehension of upconversion dynamics in nanosystems and present our perspectives of the research in the coming period. The review is organized into sections covering the effects of excitation on upconversion emission, energy transfer and interactions, and transition probability enhancement.
Effect of excitation on upconversion emission
The upconversion emission starts with the absorption of light. Different excitation approaches will lead to variation of the upconversion dynamics, resulting in different upconversion spectra and upconversion efficiencies. Various excitation patterns have been proposed in recent years aiming at the elevation of upconversion efficiency, and/or spectral modulation, and/or potential applications. In order to obtain robust upconversion luminescence, the excitation must be efficient. The excitation rate R of state i can be described as:
where s i is the absorption cross section of state i at the excitation wavelength, N i is its population density and I exc is the excitation density. From this relationship it is obvious that the absorption cross section is key in determining the excitation efficiency. In this section we shall review efforts and progress in improving the excitation efficiency of upconversion nanomaterials, mainly covering the different excitation wavelengths approach, co-doping approach and broadband excitation approach.
Singly doped upconversion
Lanthanides are a group of elements in the periodic As noted before, most lanthanide activator ions in singly doped nanocrystals demonstrate inferior absorption. In addition, the concentration of activator ions has to be maintained at a low level and precisely adjusted to avoid significant concentration quenching. Therefore the overall upconversion efficiency of most singly doped nanocrystals is relatively low. To enhance the upconversion luminescence efficiency, a popular approach for macroscopic crystals is adopted for nanosystems where a sensitizer with a reasonable absorption cross-section in the NIR region is co-doped along with the activator when an efficient ETU process exists between the two. . 7 Since the upconversion emission of the transition metal ions depends strongly on the crystal field, the emission can be tailored for particular solar cell applications via suitable chemical variations of the host lattice.
Usually Yb 3+ is co-doped into the crystal lattice within a particular concentration range (20-40%). Higher doping concentrations of Yb 3+ can improve the absorption, but, in the meantime, lead to the cascade energy transfer process becoming more probable in a nanoparticle and the concentration quenching effect becoming severe. However, there are some specially designed structures where the quenching concentration of Yb 3+ is improved as a consequence of an adjusted energy transfer process, which will be introduced in Section 3.2.2. Another approach to increase the amount of Yb 3+ ions is to make use of the spacial features of the nanoparticles. For example, shell coating is a commonly used strategy to enhance the upconversion emission of a nanoparticle by separating the surface relevant quenching centers and the luminescence centers inside the core. In the majority of the reported cases, the shell is inert, i.e. a shell of pure host lattice, and its sole role is to protect the luminescence centers in the core from the surface. Since 2009, a new design of the core-shell structure has appeared which contains sensitizer Yb 3+ in the shell i.e. an ''active shell''. The first report by -doped NaGdF 4 where strong enhancement of the green and red emission bands was realized. 8 Additional energy transfer from excited Yb 3+ ions in the shell to the Er 3+ ions in the core was suggested to be responsible for the increase of the overall upconversion efficiency of the particles. The upconversion emission of the active core-active shell nanoparticles is about three times (for the green emission) and ten times (for the red emission) stronger than that of the active core-inert shell counter parts. Further studies of other groups indicate that the emission enhancement induced by an active shell comes solely from the increase of the absorption efficiency. It should be noted, however, that the sensitizers in the shell are close to the surface which is harmful for upconversion emission since it increases the probability of the excitation energy being captured by the surface related traps. Obviously, the actual role of the active shell in upconversion dynamics is currently unclear. Systematic study and revisiting of these results are required. -sensitized upconversion process obstructs the relevant in vivo applications. Excitation around 980 nm can still be absorbed by water -the most significant component of animal and human bodies -which causes local heating. In the context of in vivo applications, the overheating is an undesirable side-effect that can reduce cell viability and induce tissue damage, especially when longduration laser exposure or relatively high excitation power density is needed. Various attempts have been reported to set the excitation wavelength away from this spectral region. One of them uses CW laser excitation at 915 nm, instead of 980 nm, to reduce the radiation heating to a certain extent at the expense of upconversion efficiency. 9 Another approach is to introduce Nd . 13 This unique nanostructure is essential to eliminate the deleterious cross relaxation pathways between the activator and sensitizer by means of the precisely controlled transition layer. Upon 800 nm excitation the upconversion emission reaches a maximum when the interlayer thickness is about 1.45 nm.
Broad-band sensitization
From the viewpoint of solar energy utilization, it is of great interest for an efficient conversion of the NIR part of the solar spectrum, which is wasted in most applications, to the visible region. The commonly used NIR sensitizers, e.g. ). The overall upconversion emission of the dye-sensitized nanoparticles is dramatically enhanced (by a factor of B3300) as a joint effect of the increase and overall broadening of the absorption spectrum. The monochromatic quantum yield of the IR-806-nanoparticle complex was determined to be 0.12 AE 0.05% under 800 nm excitation at the intensity saturation point for monochromatic illumination, whereas the quantum yield of non-sensitized nanoparticles was 0.3 AE 0.1% under excitation at the maximum absorption wavelength of 975 nm. Therefore the enhancement was mainly ascribed to the augment of absorption. However, in our opinion further confirmation of the huge improvement is necessary. By using suitable co-sensitizing sets of antenna molecules and proper upconverting nanoparticles, more of the NIR part of the solar spectrum is expected to be absorbed for upconversion with higher efficiency. Nevertheless, most organic molecules suffer from photobleaching, which raises the concern of the photostability of the organic dye sensitized nanomaterials.
Energy transfer and interactions
Energy transfer and interactions are critical for the upconversion emission. Recently, efforts have been made to elucidate the speciality of these processes in spatially confined systems and their impact on the upconversion processes, which has brought possibilities to improve the upconversion efficiency and/or to tune the excitation/emission spectra. In the meantime, some puzzles remain to be disentangled.
3.1. The mechanism of ETU 3.1.1. The basic model -short range ETU interactions. The basic model of the ETU process was established several decades ago. As a conceptual picture, the simplest upconversion system with two-level donors and three-level acceptors is used here, as shown in Fig. 4 . The ETU process can be described by the following equations:
where n D0,1 and n A0,1,2 are the populations of each of the energy levels of the donor and acceptor respectively, r exc is the laser photon number density, s is the absorption cross section of the donor ion, W 1 and W 2 are the energy transfer coefficients from the n D1 level to the n A0 and n A1 levels, respectively, and A D1 and A A1,2 are the decay rates of the corresponding energy levels. The details of this model have already been intensively discussed.
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However, it is worth noting that in this model, the difference caused by the spatial distribution of the donor and accepter might be overlooked since the energy transfer coefficients (W 0 and W 1 ) take the statistically average values. Here the ETU process can be simplified to an energy transfer process between two neighboring donor-acceptor ions, which we named as the ''short-range energy transfer model'' in this text. Although the energy migration between donors before it is transferred to an acceptor was proposed in some initial papers, 17 in most actual instances, high donor concentration often leads to the assumption that the energy migration process is very fast.
2,17
This ''fast migration'' approximation has been widely accepted in upconversion studies of donor and acceptor co-doped systems. The role of the migration process in the upconversion mechanism was often ignored until recently. 3.1.2. The energy migration upconversion (EMU)-long range ETU interaction. In recent years, to meet the requirements of special applications and accompanied with the progress in the synthetic technology of nanomaterials, more complex upconversion nanostructures have been reported, in which some had donors and acceptors partially or completely separated in space and bright upconversion emission was surprisingly observed. The ETU process in these structures was described as follows: the energy of the excited states randomly hops step-by-step between donors, before being trapped by the acceptor ions for upconversion emission. In contrast to the basic ETU model, it is a relatively ''long-range'' interaction process, which was named by Wang et al. as an ''energy migration-mediated upconversion'' (EMU) process. In 2011, they designed a donor and acceptor spatially separated core-shell-shell structure, 18 as shown in Fig. 5 The efficient ''long-range'' EMU process implies that the energy transfer process is actually not a local effect. The energy could be captured by an acceptor far away from the donor (several nanometers) with the assistance of the mediating ions (such as Yb 3+ and Gd 3+ ). Based on this understanding, the EMU process may also play a role in upconversion emission even in the donor-acceptor co-doping systems, which remains a subject to be further studied. From our point of view, priority could be given to a ''spatial separation structure'' to study the EMU process. This specially designed structure allows the separation of absorption, transition and emission regions in different areas of a nanoparticle. By monitoring the emission spectrum of nanoparticles with different thickness transition layers and doping concentrations of the bridging ions in the transition layer, energy migration processes in the transition layer could be readily followed. Besides steady state spectroscopy, time-resolved spectroscopy is another powerful and convenient method for studying excited state dynamics. Temporal behavior of upconversion luminescence is often used to characterize upconversion dynamics. For example, in a recent report of Lu et al. 20 the lifetime of blue upconversion emission of activator (Tm   3+   ) shortens significantly from hundreds of microseconds to tens of microseconds when its concentration increases from 0.2% to 8%, in the presence of the sensitizer Yb 3+ (20%). A similar result has also been reported in a Yb 3+ /Er 3+ co-doping nanosystem. 3 These phenomena were usually ascribed to the interactions between activators (such as concentration quenching effects and/or cross relaxation interactions). This assignment deserves, however, a revisit because some fundamental relationships have not yet been well established, such as the possible role of EMU. On the other hand, it is well known that it is not always true that the rise of an emission corresponds to the emissive state population and the decay to the corresponding depopulation. Therefore it is risky to blindly relate the temporal behavior of the upconversion luminescence to specific upconversion processes without analyzing the dynamic processes in detail.
Important factors for ETU process
Generally speaking, the ETU process not only includes the energy transfer between the ions, but is also subject to the initial distribution of the excited states and the boundary conditions of the nanoparticles, e.g. surface property, size and morphology of the nanoparticles. The full description of the ETU process is therefore complex. In this section we will introduce the main factors that affect the ETU process, including the donor-acceptor combination, doping concentration, the excitation power density and the surface effect. . Recently, it was reported that introducing some new donor-acceptor combinations can manipulate the ETU process, and consequently change the excitation and/or emission spectra. As mentioned before, adding Nd 3+ and using the energy transfer between Nd 3+ and Yb 3+ can shift the excitation of the upconversion emission to B800 nm. The obvious advantage of this design is the minimization of the overheating effect in biological systems induced by water absorption. On top of that, the upconversion emission spectrum can also be modulated by the doping elements. Single-band upconversion emission with high chromatic purity is known to be highly desirable for multicolor imaging applications, and efforts in this aspect have appeared recently in the literature based on novel donor-acceptor combinations. [22] [23] [24] . This fact might indicate that the relevant quenching mechanism needs to be further elucidated. On the other hand, Liu et al. established a ''dopant ions spatial separation'' structure to enhance the quenching concentration of Er 3+ . 29 As shown in Fig. 8 ) in the core area, the optimal doping concentration of Nd 3+ is B1%, 12 whereas a donor-acceptor spatially separated core-shell-shell structure elevates the optimal doping concentration to 90%. Another approach to shorten the energy transfer operating distance is to select proper hosts. Besides the popular NaYF 4 , several other host materials have also been explored. For example, Na x ScF 3+x is found to be a host that benefits the red upconversion emission (660 nm) of Er 3+ , which is ascribed to the small radius of Sc 3+ . When Yb 3+ replaces Sc 3+ , the distance between the Er 3+ and Yb 3+ cation pairs is shorter than that in a NaYF 4 host. 30 Typically, Wang et al. used a KYb 2 F 7 host material to construct a more thorough ''dopant ions spatial separation'' structure at the sub-lattice level. 31 The specificity of the KYb 2 F 7 crystal structure is that the Yb 3+ ions are separated as arrays of discrete clusters at the sub-lattice level and the average distance between the ionic clusters is much larger than the ionic distance within the clusters, as shown in Fig. 9 . In this structure, the excitation energy absorbed by the Yb 3+ ions tends to be restricted within the cluster rather than migrating a long distance towards other clusters. In this way the concentration quenching effect can be suppressed significantly if these clusters are quenchingcenter free. Indeed, the doping concentration of Yb 3+ was elevated to 98% before obvious quenching. High sensitizer concentration and excitation energy confinement in the location of the sensitizer also favor the upconversion of more photons, as exampled by the symbolic increase of violet upconversion emission of Er 3+ ions.
The doping concentration is in direct relation with both the amplitude and the pattern of the upconversion emission spectrum. In some cases, it is found that concentration variation of sensitizers or activators could lead to the same modification of the upconversion spectrum, but following different mechanisms. A higher sensitizer density might promote not only the absorption of the excitation energy, but also the energy migration among the sensitizers, and probably also the back energy transfer (from activator to sensitizer), whereas a high activator density might elevate the probability of cross relaxation. 3 There are also reports on fine-tuning the output color through adjusting the doping concentration of Ln 3+ ions, which is particularly interesting for multiplexed labeling. 32 3.2.3. Excitation density effect. Upconversion emission is a non-linear process. In the year 2000, Pollnau et al. modeled the relationship of excitation density P with upconversion emission intensity I, and found that I p P n under low excitation power density. 16 The value of n indicates the number of NIR excitation photons required to generate one upconversion photon. This popular and distinct description is based on a simplified upconversion picture and a low density excitation assumption.
Real energy migration/transfer occurring in a nanosystem could be more complex. Let's take Er 3+ as an example. Under the excitation of 980 nm, both the 545 nm and 650 nm emissions require a two-photon process considering the energy match. However, the complex of the energy transfer processes (such as cross relaxation and/or saturation effect of intermediate levels involved in the emissions) leads to different n values for the two emissions. Therefore, the intensity ratio of the two upconversion emissions relies on the power density of the excitation light. In other words, the spectral shape of upconversion emission is only meaningful when excitation conditions are provided. Theoretically, excitation density is directly related to the initial deployment of the excited states in a nanosystem, thereby affecting the entire energy transfer process and the upconversion emission properties, e.g. optimal doping concentration. Yet there is no evidence to suggest that the energy transfer process is excitation density dependent if the excitation density is relatively low, i.e. o100 W cm
À2
. A low excitation density is usually applied to the measurement of massive nanoparticles. For single nanoparticle measurements, however, high density excitation is required. Recently, Zhao et al. reported that, under high density excitation, upconversion emission is significantly enhanced when the concentration of activator Tm 3+ is greatly increased. 33 As shown in Fig. 10a , the quenching concentration of Tm 3+ ions increases with the excitation density, and reaches up to 8% under the excitation power density of 2.5 Â 10 6 W cm À2 , much higher than the 0.2-0.5% observed under low excitation conditions (below 100 W cm À2 ). A similar result was also observed for Er 3+ doped nanoparticles. 34 As shown in Fig. 10b-e under a low excitation power density (3 Â 10 4 W cm À2 ).
Increasing the excitation power density makes the Er 3+ -rich upconversion nanoparticles brighter and brighter, and they finally surpass the conventional upconversion nanoparticles when the power density is above 3 Â 10 6 W cm À2 .
The proposed physical picture is based on the initial distribution of the excited state population in the nanoparticles. The higher density excitation causes more Yb 3+ ions to be in the excited state in the nanoparticles, and the critical step in upconversion emission is the excited state energy transfer from Yb 3+ to the activator (Tm 3+ or Er 3+ ). If the number of activators is not enough, these activators will get saturated easily in accepting excitation energy via the sensitizers. From this point of view, under excitation with high density, higher doping levels of the activator should promote the utilization of the excitation energy stored in the sensitizers, and facilitate the upconversion emission. 3.2.4. Surface effects. Due to the large surface-to-volume ratio of nanosystems, a high proportion of lanthanide ions are located close to the surface. Surface properties thus become an important issue for nanotechnology. Upconversion emission was also found to be size-dependent. 4 Subsequently, coreshell structures were introduced to improve the upconversion emission and to study the surface effects of nanoparticles. Relevant progress has already been discussed and reviewed. 35 Here we only aim to update our comprehension of the relevant dynamics. As mentioned in the introduction, unmodified surfaces act as a quenching factor for upconversion emission because they contain charged defects and/or high vibrational modes of solvents or surface-bound ligands. But the underlying quenching mechanism of upconversion emission is not yet completely clear. The interaction between the quenching centers and the activators used to be considered as a ''one to one'' mode, i.e. one quenching center interacts directly with one activator without intermediates. This understanding is, however, challenged in nanomaterials. The direct interacting distance of surface effects is confirmed to be quite short (1.5-5 nm). 34, 36 For a 20 nm (diameter) sized nanoparticle, even taking the largest surface effect distance (5 nm), there is still B12.5% area that is inert to surface effects, which means that the maximal factor of luminescence enhancement induced by shell coating should be around 8. However, this factor was reported to be more than 20 or even near two orders of magnitude when the shell thickness was only 1-2 nm. 35 These results imply that the surface quenching centers interact not only with the dopant ions within the direct interacting distance, but also with those deep inside the nanoparticle. In other words, the conventional ''phonon-assisted nonradiative relaxation'' picture is insufficient to describe the effect of the surface related high frequency entities on the upconversion dynamics. Other processes, like energy transfer etc., probably play nonnegligible roles here. Recently, there have been reports that the quenching distance of the surface entities is longer than previously thought. 37 The physical picture is shown in Fig. 11 , in which the excited states of the dopants around the surface can be quenched directly by the surface quenching centers, while the energy contained in the center area of the nanoparticles might need to migrate a long distance to the surface quenching sites and be deactivated. The efficient ''long-range'' energy migration was proposed to be attributed to the Gd 3+ or Yb 3+ medium doped into the nanoparticles. 18, 28 Interestingly, this ''long-range'' surface quenching was found to be largely suppressed by an inert shell. The ''optimal condition'' of the nanoparticle surface depends also on the application of the nanoparticles. For luminescence imaging, the strongest emission is preferred so a relatively thick shell is favored. But for FRET-relevant applications, such as photodynamic therapy shown in Fig. 12 , the increase of the shell thickness will, in the meantime, reduce the energy transfer efficiency from the rare earth ions to the photosensitizer, therefore as a trade-off between the above two effects, an optimal thickness exists for 1 O 2 generation. 38 
Enhancement of transition probability
As introduced in the introduction, the transition moments responsible for absorption and emission are subject to the local field. Therefore, they can be modified by external stimuli through the variation of the local field of the sensitizers or activators. In the meantime nonradiative energy transfer processes may also be modulated by such external stimuli. For nanosystems the relevant doped ions are more susceptible to the environment due to the limited space. External stimuli induced modification of the upconversion emission properties is thus easier to realize in nanomaterials than in macroscopic crystals.
Local crystal field adjustment
It has been confirmed that the luminescence of trivalent lanthanide ions is mostly due to the electric dipole transitions among the energy levels of the 4f subshell. The radiative transition is in general forbidden due to parity considerations. However, when the rare earth ions are set in an asymmetrical crystal field, the intrinsic wave functions of the 4f subshell shall mix with other wave functions of opposite parity, such as the wave functions of 5d, 5g, etc. The forbidden nature of the transition is thus (partially) broken. 39 A highly asymmetrical crystal field is helpful in enhancing the radiative and absorption transition probabilities of rare earth ions. Some methods to change the local crystal fields in macroscopic crystals are also applied to nanosystems. For example, hexagonal NaYF 4 :Yb 3+ ,Er 3+ nanoparticles exhibit a stronger emission than their cubic counterparts. The symmetry properties of rare earth ions doped crystals can be modified in various ways. The reaction temperature is known to be critical to the phase formation of the crystal lattice and therefore to the consequent luminescence. 40 Adding certain ions into the crystal lattice is also helpful in reducing the crystal symmetry. For example, doping with Li + can reduce the symmetry of the crystal field and enhance the upconversion emission. 41 Doping with Gd
3+
facilitates the conversion of a NaYF 4 host from a cubic phase to a hexagonal phase. 42 These chemical methods are irreversible in nature and significant improvement in upconversion emission seems hard to achieve following these approaches. In 2011, a physical approach was introduced by Hao et al. for nanocrystals. A BaTiO 3 (BTO) nanohost was reported with the attractive property that the enhancement of upconversion luminescence could be realized applying an external field. 43 In this work, a multi-layer film material with a typical parallelplate capacitor was developed, in which an enhancement factor of up to 2.7 was obtained for the green upconversion luminescence of Er 3+ under a biased voltage with a maximum of 10 V (limited by the breakdown voltage). According to the authors, the enhancement is attributed to the unique crystal structure of the ferroelectric host BTO material. Tetragonal BTO with the point group 4mm (C 4v ) at room temperature is non-centrosymmetric. Upon applying an electric field along the direction of spontaneous polarization of the host, the c-axis of the lattice elongates and changes the structure symmetry of the BTO host. The upconversion emission can be enhanced in a controlled manner by simply tuning the applied electric field. The difference in the enhancement of green and red emissions was analyzed based on the Judd-Ofelt (J-O) theory. The line strength S ed , which is the square of transition moment, is given by the equation Ji is the reduced matrix elements and O t (t = 2,4,6) are J-O intensity parameters. According to the authors, the green emission of Er 3+ ions comes from one of the hypersensitive transitions dominated by O 2 , which is known to be closely associated with the asymmetry of the lanthanide ion sites. This work points to another approach for enhancing upconversion emission, which could be more robust if better host materials could be explored in the future with higher breakdown voltages.
Plasma enhancement
Plasma enhancement of upconversion emission by noble metal particles is another effective approach for nanosystems.
Since the discovery of noble metal surface enhanced luminescence in the 1960s, 44 plasma enhancement of emission on rough noble metal surfaces has been intensively investigated for organic dyes, quantum dots and other fluorescent materials, and was recently introduced to upconversion nanomaterials.
In the past few years, nanoparticles, nanowires, nanoshells, as well as nanoarrays of Ag and Au have been employed to improve upconversion luminescence. The luminescence enhancement is in most cases attributed to the intensification of the electric field near the noble metal nanoparticle's surface by the plasma field. The intensified electric field can reinforce (i) the absorption of the upconversion nanoparticles in relation with the excitation collection effect, and (ii) the emission of the activators. In addition, the nonradiative transition rates can be changed.
There are different approaches to enhance the upconversion emission of nanosystems using a plasmonic field. One scenario is to set the plasmonic resonance with upconversion emissions. Saboktakin et al. reported an enhancement of 5.2-fold by Au nanoparticles and of 45-fold by Ag nanoparticles in upconversion luminescence. 45 The enhancement, which was strongly dependent on the distance between the noble metal nanoparticles and the UCNPs, was attributed to the increase of both the absorption and the radiative rate of the emission. Other nanostructures of noble metals, like nanowires and nanoshells, can also improve the upconversion emission. After coupling to the noble metal, the upconversion emission lifetime was found to be decreased, which was argued to be the consequence of the enhancement of radiative as well as nonradiative rates of the UCNPs. Another scenario is to set the plasmonic resonance with the excitation wavelength of the upconversion emission. In 2013, the plasmonic enhancement of upconversion luminescence of nanoparticles in Au nanohole arrays was reported by Saboktakin et al. 46 In this study, Au nanohole arrays were fabricated on transparent glass substrates. By adjusting the size of the apertures, the periodicity of the array and the thickness of the metallic layer, the plasma band of the metallic nanohole array was tuned to 980 nm -in resonance with the upconversion excitation. Based on their simulation, the electric field in the center of each aperture should be enhanced by a factor of B6, and consequently, the absorption at 980 nm should be enhanced by a factor of B36. This theoretical prediction was confirmed by their experiments. From optical transmission and upconversion emission spectra it was determined that the upconversion luminescence was intensified 32.6 times for the green emission at around 540 nm and 34.0 times for the red emission at around 650 nm. The authors thus came to the conclusion that the enhancements originated from the absorption improvement due to the resonance between the nanohole arrays and the excitation wavelength of the upconversion emission. Plasmonic fields are a powerful tool for improving the upconversion emission of nanomaterials. Very recently it was reported that the speed of energy transfer processes are also increased by a plasmonic field in upconversion nanomaterials. 47 
